Eleven mongrel dogs whose body weight ranged from 18 to 40 kg were anaesthetized with intravenous pentobarbital (Nembutal Abbott, 24 
• Since the work of Rouanet (reviewed by McKusick 1 ), Henderson and Johnson, 2 Dean, 3 Wiggers et al., 4 and Dock, 5 -° it has been generally accepted 7 -8 that the first and the second heart sounds are noises of valve closures. It has not yet been established in what way the valves produce the heart sounds although it is believed ''• 8 that they are due to the sudden deceleration of the blood flow through the closing valves. Dock" ascribed the heart sounds to the tensing of the cusps of the valves that accompanies this deceleration and provided evidence that stretching of isolated valves can produce sounds. It is not known how the heart sounds, once they are produced, travel through the ventricles and the atria of the heart.
It should be possible to study the spread of heart sounds over the heart by recording heart sounds simultaneously from several points on the surface of the heart. This method had been previously used successfully in the study of the spread of heart sounds over the surface of the chest. 9 Experiments reported in this paper also provide evidence on the mechanism of production of the first heart sound.
Methods

APPARATUS AND CALIBRATONS
The apparatus, capable of recording four simultaneous phonocardiograms, has been described before. 9 ' 10 It consisted essentially of four channels, each channel consisting of an amplifier (Tektronix 122) and a band-pass filter (Krohn-Hite 310 AB). The signals from these four channels were fed into a multibeam oscilloscope (Textronix 555 with plug-in units CA and M). The filters removed frequencies above and below a chosen pass band frequency with an effective-ness of 24 decibels per octave to a maximum of 60 decibels at three octaves. Each of the four filtered phonocardiograms was amplified to a convenient amplitude by the M unit, displayed on the screen of the oscilloscope and photographed on 35 mm film. The sweep speeds of the oscilloscope were accurate within ± 3%. Before the heart sounds were recorded, a common signal was applied to all channels to check that artificial time shifts produced by the four channels differed by less than one millisecond.
The microphones were small piezo-electric crystals taken from phonograph cartridges (Astatic 6 Aiwa). The size of the crystals was about 7 by 20 mm and the weight about 0.3 g. Later two-thirds of the crystal were clipped off which reduced the size to 7 by 7 mm and the weight to 0.1 g. This did not impair their performance to an appreciable extent.
Past experience showed that different microphones may reproduce sounds with different delays. Therefore, the microphones were calibrated to ascertain to what degree any delays introduced by them were the same. Tape recorded heart sounds were reproduced by a driver unit of a loudspeaker. The driver unit had been cast in a block of concrete so that no sound emerged from it except through an opening which was closed by a rubber stopper. The microphones were placed in small slots made in the stopper with a scalpel. This situation resembled the one in vivo where the microphones were inserted in small holes made in the myocardium. Signals from the crystals were displayed on the screen of the oscilloscope in the same way as in the animal experiments. It was assumed that the sounds arrived everywhere in the stopper at the same time and that the apparent differences in time of arrival shown by the recordings were errors of the microphones. Results of this calibration are compiled in table 1.
The crystals were sensitive to pressure rather than to pressure gradients or accelerations. Calibration results did not show phase inversion when one member of a pair of microphones was inverted in its pocket. mg/kg). The heart was exposed through a right parasternal thoracotomy.
It is probable that the closures of both the mitral and the tricuspid valves contribute to the first heart sound. As it is easier to study the spread of sounds from a single source, the normal action of the tricuspid valve was prevented by cutting its chordae tendinae. It may be assumed that this eliminated the sound of the closure of the tricuspid valve from the first sound. The resulting tricuspid regurgitation caused a dilation of the right atrium, and produced a typical holosystolic murmur.
The microphones were inserted into small holes made with a pointed scalpel in the myocardium. A suture around the cable of the microphone secured it in its place. It is unlikely that all microphones fitted equally snug in the space provided for them, so that they were not coupled equally tight to the myocardium. In this respect, the conditions in vivo were not entirely identical to the conditions under which the microphones had been calibrated.
After the experiment the heart was taken out of the animal and photographed. The positions of the microphones on the heart were recorded. The existence of a severe tricuspid insufficiency could be verified in all hearts by filling the right ventricle with water and observing the reflux into the right atrium. The left ventricle was opened to ascertain that none of the microphones had punctured the endocardium and to determine the precise location of each microphone with respect to the mitral valve.
Results and Design of
Further Experiments
VELOCITY OF CONDUCTION AND DIRECTION OF SPREAD
In four dogs four microphones were placed in the myocardium of the left ventricle in a row from the base towards the apex of the heart ( fig. 1 ). Pass bands from 20 to 320 cycles/sec were recorded.
FABER FIGURE 2
Phonocardiograms from heart of dog 3. Two upper tracings show reference phonocardiogram and electrocardiogram. Four phonocardiograms were recorded from base to apex in that order. Pass band 33 cycles/sec, duration of sweep 0.5 sec.
Most recordings showed that components of the mitral sound of less than 40 cycles/sec travelled from the base of the heart to the apex; a clear recording is shown in figure 2 . The velocity of conduction was estimated to be in the order of 4 m/sec. The direction of spread and approximate velocity of conduction of higher frequencies could not be determined as the individual waves could no longer be identified in the recordings from successive microphones. Placing the microphones still closer together resulted in an infarction and ventricular fibrillation.
The wave lengths of frequencies under 40 cycles/sec could be calculated to be in the order of 20 cm. They exceeded the length of the ventricle and the ventricle often seemed to vibrate as a whole. This made a more exact determination of the velocity of conduction impossible. Only the very first part of the mitral sound could be used to determine the velocity of conduction, as reflections which caused standing waves in the ventricle were present later. Nevertheless, the results were sufficiently clear to exclude conduction in the form of compressional sound in blood as a possible mode of conduction of sound in the heart. The velocity of compressional sound in blood is about 1500 m/sec. 11 These results, and the structural similarity between the heart and arteries suggested that the conduction of the first sound from the base to the apex is in the form of a transverse vibration of the ventricular wall, analogous to the conduction of the pulse wave and sound along the arteries. Evidence that supports this postulate will be given in section 3.
PLACE OF ORIGIN OF THE MITRAL SOUND Theory
The vibration of the ventricle could be an alternating compression and rarefaction of the blood in the ventricle but this is unlikely because of the incompressibility of blood. It is more likely a vibratory inflow and outflow of blood from one part of the ventricle to another and from the ventricle toward the atrium. If so, the mitral valve, which has just closed at the time of the mitral sound, must vibrate witlthe blood back and forth between the ventricle and the atrium.
The vibration could be primarily a vibration of the ventricle sustained by the elasticity of the ventricle and transmitted to the mitral valve, or primarily a vibration of the mitral valve sustained by the elasticity of the valve and transmitted to the ventricle ( fig. 3 ). A priori, the latter alternative seemed more likely, for the mitral sound seemed to spread from the base of the heart to the apex. More-over, it is difficult to visualize a mode of vibration in which the elasticity of the ventricle provides the restoring force except at frequencies above about 40 cycles/sec when the wave length of the vibration is less than the length of the ventricle and dilation of one part of the ventricle could be accompanied by contraction of another.
First, consider the case if ventricular elasticity were responsible for this vibration. When the vibratory motion forces the blood from the apical part of the ventricle into the direction of the mitral valve and back again, Continuous lines show situation at beginning of systole when mitral valve has just closed but has not yet been stretched. Dotted lines show situation at one extreme of the dis])lacement, i.e., at the moment the direction of motion is going to he reversed. Mitral valve ring is not distensible. A. Postulated oscillation of blood back and forth from the apical part to the basilar part, sustained by elasticity of ventricle. B. Postulated oscillation of blood back and forth from ventricle to atrium; elasticity of valve provides the restoring force. Motions of ventricular wall and atrium are of opposite phase. Ventricle is shown to vibrate as a whole, but this is not essential.
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the pressures in the basilar part of the ventricle and the atrium will rise and fall together ( fig. 3A ). (The basilar part of the ventricle and the atrium may be presumed less than half a wave length apart.) Therefore, the base of the ventricle and the atrium should be subject to a vibration which is synchronous, i.e., in phase. On the other hand, in the case the vibration were mainly sustained by the elasticity of the valve, one may expect that when the vibratory motion of the valve forces the blood in the direction of the ventricle, the ventricle will dilate and the intraventricular pressure will rise, while the atrium will decrease in size and the atrial pressure will fall. When the blood is forced in the direction of the atrium the reverse process takes place ( fig. 3B ). In this case the motions of the ventricle and the atrium will be in opposite direction, i.e., 180° out of phase. Thus, one should be able to distinguish between a vibration due to ventricular elasticity and one due to valvular elasticity by recording the mitral heart sounds simultaneously from two points close to the mitral valve, one on the atrium and one on the ventricle.
Results
In five dogs the mitral sound was recorded from one microphone in the ventricular myocardium and one in the atrial myocardium. Both microphones were placed about 1 cm from the atrioventricular sulcus. Recordings were made at pass bands from 20 to 160 cycles/sec at intervals of one-half octave or less.
For statistical analysis "same phase" was defined as a difference in phase from -90°t o -f-90° and "opposite phase" as a difference in phase from 90° to 270°. Some recordings could not be classified because the apparent frequencies of the mitral sounds recorded from ventricle and atrium were different so that part of the recording was in phase and part out of phase. These recordings were excluded from the analysis. If the phase is completely random, the expected numbers of recordings classified as "same phase" and as "opposite phase" are equal. Deviations from 430 FABER this distribution can be tested for their statistical significance by the chi-squared test.
The results are shown in table 2. In the first three dogs (A, B, C) the mitral sounds recorded from atrium and ventricle were of opposite phase in the majority of recordings. In each of these dogs the probability that this finding arose, entirely by random errors from a fifty-fifty distribution, was small enough to be ignored. But the next two dogs (D, E) showed that the mitral sounds recorded from atrium and ventricle were of the same phase; again the probability that the finding was due to random errors was negligible.
It does not seem likely that dogs differ in this respect and that the mitral sound is due to valvular elasticity in some dogs and to ventricular elasticity in others. This brought to our attention the importance of the angle under which the microphones were inserted in the ventricular myocardium and that differences between the angles under which the microphones were inserted in the hearts of different dogs could be a source of systematic errors. A discussion of this necessitates a knowledge of the mode of conduction of sound in the ventricle.
MODE OF CONDUCTION OF SOUND IN THE VENTRICLE Theory
As explained under Methods, the microphones were sensitive to pressure. If mitral sounds travel over the ventricle in the form of transverse vibrations, the pressures in the wall of the ventricle should not be the same in all directions and recordings from microphones in the myocardium should depend on the orientation of the microphones as well as on their location.
A microphone parallel to the surface of the heart is subjected to a certain fraction of the transmural pressure of the ventricle, depending on the depth at which it is inserted and the shape of the pressure gradient across the wall 12 (fig. 4 ). Thus, when the ventricular pressure rises the microphone is subjected to a certain fraction of this pressure rise and recordings from such a microphone show changes in intraventricular pressure. A microphone oriented perpendicular to the surface records changes in pressure in a plane perpendicular to the surface only. These changes of pressure are the opposite of the changes in tension per unit thickness in the wall since the effective pressure on such a microphone decreases when the tension in the wall increases and vice versa. Thus, the relation between recordings from microphones parallel and perpendic- fig. 5B ). When, locally, the pressure in the ventricle increases the ventricle dilates and there will be an increase in the circumference of the ventricle, in its radius R t , and in the tension TV A microphone oriented perpendicular to the direction of Tj, such as microphone four in figures 5, 6, and 7, will register a decrease in pressure (P L ) and recordings from such a microphone will be of opposite phase compared to recordings from a microphone parallel to the surface, such as microphone two in figures 5, 6, and 7. The radius of curvature R 2 in the other plane decreases. There is no reason to assume that the wall will be stretched in this direction; it seems even possible that it shrinks a little if the ventricle shortens. It is therefore impossible to predict Circulation Research, Volume XIV, May i9C>4 whether pressure P 2 (corresponding to the opposite of tension T>, per unit thickness) recorded by microphone three in figures 5,6, and 7, will increase or decrease when the intraventricular pressure rises momentarily. If mitral sounds travel in the form of transverse vibrations one may expect that recordings from microphones two and four will be of opposite phase but no prediction can be made regarding the phase relationship between recordings from microphones two and three. In contrast, a compressional (longitudinal) wave (as of sound in blood) would be expected to produce in phase signals in all microphones.
Pressure in ventricular wall as a function of the depth in it. Pressure P on concentric planes parallel to surface of heart is expressed as a percentage of intraventricular pressure. Depth of microphone is expressed as a percentage of thickness T of the wall; 0% is at endocardium and 100% is at epicardium. Microphone at M is subjected to pressure indicated by arrow.
Results
To verify experimentally whether the orientation of the microphones with respect to the outer surface of the heart mattered, three microphones (two, three, and four) were placed in the left ventricle of dog F in the positions discussed above and shown in figures 5 and 6. Microphone one was placed in the atrium parallel to the surface (the atrium cannot accommodate a microphone in any other position).
FABER FIGURE 6
Microphones in heart of dog G. Microphones one and two in atrium and ventricle respectively are oriented parallel to the surface. Microphones three and four are oriented perpendicular to the surface in mutual perpendicular directions. Table 2 shows that in this dog (F) the atrial and ventricular vibrations of the mitral sound were of opposite phase (microphones one and two), as in the first three dogs. Table 3 shows that recordings from microphone three (P 2 ) were mostly in phase with recordings from microphone two (which recorded changes in transmural pressure). Recordings from microphone four (Pi) and recordings of microphone two were of opposite phase, as expected. The experiment was repeated in a second dog (G) with the same results (tables 2 and 3). A series of recordings from dog G are shown in figure 7 .
The demonstrations that the orientation of the microphones in the myocardium is of importance, and that, if the atrial and ventricular microphones are carefully oriented parallel to the surface, their recordings are of opposite phase make it very likely that the results obtained from dogs D and E are erroneous. Experiments on dogs F and G prove that the first heart sound in the ventricle is a transverse vibration comparable to the pulse wave, since the circumferential tension Ti and the transmural pressure were found to increase and decrease in phase during the oscillations of the first heart sound. They also prove, at least in these two dogs, that the mitral sound is due to elasticity of the mitral valve rather than to elasticity of the ventricle.
Discussion
The concept that the first and second heart sounds are caused by the closures of the i Microphones two and four, (transmural pressure and P,).
Circulation Research, Volume XIV, May 1964 atrioventricular and arterial valves respectively is old. As summarized by McKusick: 8 "It is probably most accurate to think of sounds such as the first and second sound and the mitral 'opening snap' as hydrostatic pressure transients produced by the abrupt interruption of the momentum of a local flow (e.g., before closure of the atrioventricular valves there must be slight local flow accompanying the billowing of the valve curtains toward the atrium). The valve curtains and the chordae which support them are inextensible collagenous structures. When their limit has been reached they interrupt the local flow abruptly with a translation of energy into a pressure transient." Similarly, Rushmer 7 wrote: "The second component* of the first sound begins as the momentum of the moving blood produces sufficient valvular overstretching to cause a recoil back toward the ventricles." Dock "• (i also supported this view and particularly stressed that the first heart sound is caused by the atrioventricular valves.
The most recent opposition to this theory was voiced by Di Bartolo et al.; I3~15 they state that " . . . valvular closure, per se, does not cause the first component t of the first heart sound" 14 and, that the atrioventricular valves are already closed at the occurrence of the first sound, and that its first major components are not directly caused by collision of the valve margins. This was based on their observation that these major components occurred an average of 23 msec after the ventricular pressure began to exceed the atrial pressure. The atrioventricular pressure difference at the * This is the main (mitral) component of the first heart sound. The first component in Rushmer's terminology is the so-called initial vibration.
t The main (mitral) component of the first sound. Recordings from dog C. 14 As stated by these authors, 14 they assumed that the mitral closure occurs at the moment the pressure in the ventricle becomes equal to the pressure in the atrium, but this does not seem to be so. A column of blood must be accelerated in the direction of the atrium and this column must move with the mitral valve over a distance of a few millimeters in order that the valve can seal the entrance to the ventricle. The ventricular pressure rise, from zero to 14 mm Hg in excess of the atrial pressure, is approximately linear. It can be calculated, if the valve has to move a distance of about 3 mm to close and if the column of blood in the ventricle and the atrium is about 5 cm long (both are reasonable estimates for a dog's heart), that it would take the mitral valve about 22 msec to close after the equalization of the pressures.* We believe, contrary to the conclusion reached by the authors, 13 ' 15 that their results provide additional evidence that the mitral sound is due to closure of the mitral valve.
Sarnoff et al. 10 showed conclusively that after forceful atrial contraction, atrial relaxation alone is sufficient to effect mitral closure in dogs with induced heart block. These authors were willing to consider this mechanism of closure in the normal dog also, but pointed out that this was not proven. It was shown above that the ventriculo-atrial pressure gradient due to ventricular contraction during early systole needs about 22 msec after equalization of the atrial and ventricular * A pressure rise of 14 mm Hg/23 msec ( = 8.3 x 10 5 dynes • cm-2 • sec" 1 ) enables one to calculate by triple integration that t = (6mS/8.3 X 10 s ) 1 / 3 , where t is the time in seconds necessary for the valve to travel a distance of S cm if the mass per unit crosssectional area of the column of blood that has to be moved is m grams per square cm. Initial conditions are that the distance travelled and its first two time derivatives are zero at t = 0.
Since t is proportional to the cube root of S and m the assumed values for the distance the valve must travel and the length and specific gravity of the column of blood that must be moved have relatively little influence on the value of (. pressures to close the valve. The pressure gradient at the moment of closure has been reported to be about 14 mm Hg. 13 ' 14 The contribution of atrial relaxation to this pressure gradient cannot be but small and insufficient to close the mitral valve before the onset of ventricular contraction. Rushmer 7 pointed out that the valves, heart, arteries, and the blood contained in these structures constitute an elastic system that vibrates as a whole. For low frequencies of the mitral sound the combined masses of ventricle and blood constitute the inertia of this system and the mitral valve the main elastic element. For higher frequencies of the mitral sound of which the wave lengths are less than the length of the ventricle one must consider the atrioventricular valves as the source of the heart sounds, and the ventricles and the aorta as the structures along which the heart sounds travel, eventually to the surface of the body.
Summary
Mitral heart sounds were recorded by small microphones inserted in the heart muscles of dogs. Recordings showed that components having frequencies between 20 and 40 cycles/ sec originate at the base of the heart and travel from there to the apex. The velocity of conduction is in the order of 4 m/sec, so that the wavelengths can be calculated to be about 20 to 10 cm. At these frequencies the ventricle seems to vibrate as a whole. Components having frequencies higher than 40 cycles/sec could not be followed during their progression over the heart.
In the range from 20 to 160 cycles/sec, the mitral sounds recorded above and below the mitral valve were of opposite phase so that the mitral valve is the main elastic element responsible for the mitral sound. The combined masses of the heart and the blood in it constitute the inertia of the cardiohemic system. In this range of frequencies oscillations in transmural pressure and circumferential tension of the heart were synchronous and of the same phase.
The low velocity of conduction, the structural similarity between the heart and arteries, and the synchronism in the oscillations of transmural pressure and circumferential tension allow the conclusion that the mitral sound is conducted through the ventricle in the form of a transverse vibration, strictly analogous to the way pulse waves are conducted in arteries.
